Despite being a clonal pathogen, Staphylococcus aureus continues to acquire virulence and antibiotic-resistant genes located on mobile genetic elements such as genomic islands, prophages, pathogenicity islands, and the staphylococcal chromosomal cassette mec (SCCmec) by horizontal gene transfer from other staphylococci. The potential virulence of a S. aureus strain is often determined by comparing its pulsed-field gel electrophoresis (PFGE) or multilocus sequence typing profiles to that of known epidemic or virulent clones and by PCR of the toxin genes. Whole-genome mapping (formerly optical mapping), which is a highresolution ordered restriction mapping of a bacterial genome, is a relatively new genomic tool that allows comparative analysis across entire bacterial genomes to identify regions of genomic similarities and dissimilarities, including small and large insertions and deletions. We explored whether whole-genome maps (WGMs) of methicillin-resistant S. aureus (MRSA) could be used to predict the presence of methicillin resistance, SCCmec type, and Panton-Valentine leukocidin (PVL)-producing genes on an S. aureus genome. We determined the WGMs of 47 diverse clinical isolates of S. aureus, including well-characterized reference MRSA strains, and annotated the signature restriction pattern in SCCmec types, arginine catabolic mobile element (ACME), and PVL-carrying prophage, PhiSa2 or PhiSa2-like regions on the genome. WGMs of these isolates accurately characterized them as MRSA or methicillin-sensitive S. aureus based on the presence or absence of the SCCmec motif, ACME and the unique signature pattern for the prophage insertion that harbored the PVL genes. Susceptibility to methicillin resistance and the presence of mecA, SCCmec types, and PVL genes were confirmed by PCR. A WGM clustering approach was further able to discriminate isolates within the same PFGE clonal group. These results showed that WGMs could be used not only to genotype S. aureus but also to identify genetic motifs in MRSA that may predict virulence.
S
taphylococcus aureus is a significant human pathogen that causes a number of diseases, ranging from skin and soft tissue infections to life-threatening endocarditis, osteomyelitis, and pneumonia. This bacterium has developed resistance to multiple classes of antibiotics, including methicillin and other beta-lactams. The gene for methicillin resistance, mecA, is carried on a 21-to 67-kb element, the staphylococcal chromosomal cassette mec (SCCmec), which integrates at a conserved location in the S. aureus genome. Hospital-associated methicillin-resistant S. aureus (HA-MRSA), which continues to be a major problem in U.S. hospitals since the 1970s, tends to harbor SCCmec types I, II, and III (3, 18, 24) . The community-associated MRSA (CA-MRSA), which was first reported in the 1990s in community settings, has been recently reported to be the most common type of MRSA in people visiting emergency departments for skin and soft tissue infections (5, 7, 16) . Frequently, CA-MRSA genotypes are distinguished from HA-MRSA due to the presence of smaller SCCmec (SCCmec IV or V) and the presence of lukSF-PV genes for the Panton-Valentine leukocidin (PVL) harbored on a bacteriophage (23, 25, 27) . The PVL, a pore-forming toxin, has been shown to play a role in necrotizing pneumonia, although its role in skin and soft tissue infections remains controversial (13) . The arginine catabolic mobile element (ACME), a newly identified 30.9-kb genetic element, is primarily present in USA300 MRSA clones and is proposed to enhance the growth and survival on the host (6) .
Genotypic methods such as pulsed-field gel electrophoresis (PFGE) and SCCmec typing are routinely used to distinguish between the HA-MRSA and CA-MRSA clones. In addition, the PVL PCR assay is frequently applied to determine the potential virulence of a putative CA-MRSA strain or its confirmation (15, 29, 30) . Whole-genome mapping (previously referred to as optical mapping by OpGen, Inc.) is a technique that generates high-resolution, ordered restriction maps of whole genomes that can be used to discriminate closely related bacterial strains. The technology has been used to identify macrolevel genomic changes such as inversions, deletions, insertions, and duplications in a bacterial genome (10, 12, (20) (21) (22) 24) . It has also been found useful in closing sequencing gaps and identifying unique sequences in prokaryotes and methylation profiles in eukaryotes (1, 4) . In the present study, we compared the relative abilities of whole-genome mapping and PFGE to accurately discriminate different strains of S. aureus. We also explored whether whole-genome mapping could accurately predict traits for methicillin resistance, types of SCCmec, and the PVL phenotype in S. aureus. In addition, we also defined S. aureus clonal relatedness by the WGM map distance method.
MATERIALS AND METHODS

S. aureus strains.
A total of 47 strains of S. aureus (Table 1) collected from a variety of clinical sources, including urinary tract infections, skin and soft tissue wounds, bacteremia, osteomyelitis, and pneumonia, were whole genome mapped. Of the 47, 12 were well-characterized reference and/or clinical strains from the literature. These included COL, MRSA252, ATCC 25923, N315, MW2 (USA400), USA100, USA200, USA300 (FPR3757), USA500, USA600, USA700, and USA800. These reference strains were obtained from the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA). The remaining 35 isolates were collected or archived strains from either Marshfield Clinic in Marshfield, WI, or the Gundersen Lutheran Medical Center in La Crosse, WI, the two largest health care facilities in the state.
Susceptibility to methicillin. Susceptibility to methicillin was determined by using the Vitek 2 instrument (bioMérieux, Raleigh, NC).
PFGE.
PFGE was performed by methods as previously described (2) . The PFGE-based dendrogram was created using the Dice coefficient and the unweighted-pair group method using arithmetic averages (UPGMA). A PFGE-based clonal group was defined as group of isolates with 85% genetic similarity, using the 1.25% band tolerance of the Bionumerics package in combination with Tenover et al. (26) criteria of clonal relatedness. A PFGE singleton (or unique type) was defined as an isolate that did not meet the clonal definition and was represented by a single isolate.
Whole-genome mapping. Whole-genome maps (WGMs) were created by following the method described previously (24) . Briefly, with the use of agarose plugs, high-molecular-weight chromosomal DNA fragments were isolated with minimal shearing. The double-stranded DNA was then applied to a derivatized glass surface containing microfluidic channels. The stretched DNA on the channels was covered with a layer of acrylamide before being digested in situ with XbaI and stained with a fluorescent dye. The digested DNA molecules were imaged using fluorescence microscopy and fully automated image-acquisition software (PathFinder; OpGen, Inc.). The resulting single molecule restriction maps were assembled into a single WGM using OpGen software (Gentig; OpGen, Inc.) that repeatedly aligned single molecules to calculate a consensus map. Consensus maps are composites from at least 30 single molecules at every point and typically represent an average depth of 50 to 80 molecules.
The consensus map of one isolate was compared to the consensus maps of other strains to produce a similarity cluster of WGMs similar to the method described by Schwan et al. (22) . Each pair of WGMs is optimally aligned using the dynamic programming algorithm implemented in OpGen's MapSolver software as described previously (4, 19) . The score for each alignment is proportional to the log of the length of the alignment minus a penalty that incorporates fragment sizing errors, false cuts, missing cuts, and loss of small fragments; hence, longer alignments between more similar patterns have higher scores. Since these are local alignments, it is possible for the algorithm to find small matches that reflect map similarity but which are not indicative of true genomic similarity. Consequently, whenever a lower scoring alignment was conflicted by a higher scoring alignment, the lower scoring alignment was discarded. Next, all of the alignments passed through an alignment interpreter that examined the alignments to distinguish normal experimental variations from possible true biological differences. Specifically, any mismatched cut site was not considered significant unless it was at least 2.5 kb from the closest cut site. In order to call an insertion/deletion (indel) event, the change in size had to be Ͼ3.0 kb. Changes in the size of any single fragment also had to be Ͼ3.0 kb and be Ͼ15% of the fragment size. These values are one and a half times the observed variation from known sizes and are intended to reflect the variation expected when comparing two different WGMs.
The alignment interpreter determined the list of cut site differences, indels, inversions, and unaligned fragments which formed the basis of the map distance calculation. The map distance is analogous to the number of genetic events separating two maps, although no specific phylogenetic distance is implied. Any region that was not aligned was weighted by the square root of the number of fragments. The rationale here was that since these regions tend to come in long stretches, the distance will not be as severe for one long stretch as opposed to the same number of fragments in many small differences. Indels from 3 to 5 kb are given a distance of 0.5, indels from 5 to 10 kb are given a distance of 0.75, and indels over 10 kb are given a distance of 1.0; this weighting scheme is intended to reflect the fact that smaller indels may still be artifacts of the mapping process. In addition, for any pairwise comparison, there was no distance given for up to 1% cut site mismatch, and for any cut site discrepancy above this threshold, the maps were given a distance of 0.5 per mismatched cut site. No genomic inversions or rearrangements existed in this data set. Using this method, a map distance matrix for all isolates in the study was constructed. This distance matrix was the input into an agglomerative clustering method with UPGMA. However, this clustering method does not provide phylogenetic evolutionary signals. Within the map distance cluster, a WGM-based clonal group (cluster) was defined as a set of isolates having a map distance of Ͻ5. This value was determined to be the optimum since this was the minimum map distance required to cluster several clonally related USA300 strains. WGM singletons were defined as isolates that were represented by a single isolate with a map distance of at least 5 from all other isolates. SCCmec typing and lukSF-PV PCR. Each S. aureus strain was typed for SCCmec by the method of Zhang et al. (29) . lukSF-PV PCR was performed by the method of Lina et al. (13) . S. aureus strains COL, N315, MRSA252, PER34 (type I), BK2464 (type II), MW2 (type IVa), MR108 (type IVc), JCSC4469 (type IVd), and USA300 (SCCmec IV ϩ , arginine catabolic mobile element [ACME] ϩ , PVL ϩ ) were used as controls for SCCmec typing and the presence/absence of lukSF-PV (6, 8) .
WGM motif analysis of SCCmec types, ACME, and PVL-harboring prophage regions were done manually by identifying the motif of each on an annotated in silico map of reference genome sequences. When the map similarity around the motif region between the annotated in silico map and the WGMs were indistinguishable, the annotation was noted.
RESULTS
Of the 47 S. aureus strains studied, 31 were MRSA and 16 were methicillin-sensitive S. aureus (MSSA) ( Table 1) , as confirmed by an oxacillin susceptibility test. WGMs of the 47 S. aureus strains were obtained. The reliability, reproducibility, and accuracy of the experimentally derived WGMs were determined using a USA400 (MW2) and a USA300 (FPR3757) strain as previously described by our group (24) . Essentially, this was done by comparing the XbaI in silico maps of MW2 and USA300 (FPR3757) to the corresponding experimentally derived WGMs, which were found to be nearly identical. In silico maps are created by the virtual digestion of a sequenced bacterial genome with the same restriction enzyme used in whole-genome mapping. The WGMs are shown as a pattern of vertical lines representing restriction sites on a genome. In these illustrations, regions with darker lines indicate higher cut density. For comparison with DNA sequence, the leftmost vertical line on a linear WGM represents the first restriction site of the enzyme used (XbaI in the present study) downstream of nucleotide position 1 for that genome (Fig. 1A) .
The WGM alignment of these S. aureus genomes showed that they were of different sizes and ranged from ϳ2.69 to ϳ2.96 Mb, with an average size of ϳ2.80 Mb (Fig. 1A) . Figure 1C shows the map similarity cluster of the 47 S. aureus genomes based on their WGMs. A map distance of 5 was chosen as the cutoff point to define a WGM cluster because this was the minimum distance required to cluster clonally related USA300 strains. Using this criterion, the 47 isolates were grouped into 10 clusters and 13 singletons. A cluster comprised of at least two genetically related strains, whereas singletons represented unrelated individual isolates. The 10 clusters were labeled C1 to C13 (except for C3, C4, and C9; see below). Isolates belonging to different clusters were as follows: C1 included USA600 and MCRF4, C2 (GLMC5 and GLMC2), C5 USA600  II  -1  1  MCRF4  II  -1  1  GLMC1  None  -Singleton  1  GLMC5  None  -2  2  GLMC2  None  -2  2  USA800  IV  -13  Singleton  GLMC9 None II  -12  5  MCRF181  II  -12  5  MCRF167  I  -6  6  MCRF162  I  -6  6  MCRF161  I  -6  6  USA500  IV  -Singleton  6  COL  I  -Singleton  6  A3878  None  -7  7  GLMC13  IV  -13  7  N315  II  -Singleton  Singleton  USA100  II  -8  8  GLMC18  II  -8  8  GLMC31  II  -8  8  MCRF8  II  -8  8  GLMC21  II  -8  8  MCRF323  II  -Singleton  8  GLMC8  None  -7  9  MCRF330  IV  -Singleton  9  MCRF252  II  -10  10  USA200  II  -10 (2) . WGMs for S. aureus were best created using XbaI since it gave an optimum number (300 to 350) of fragments for this technology (24) . In addition, PFGE-based CG identification numbers were empirical in nature and were randomly assigned to different CGs first without any bearing on the phylogeny. After that, an attempt was made to assign the same CG number to an WGM cluster if it had the same or similar groups of isolates. Keeping the PFGEbased CG as a reference, we noted that only two CGs (CG2 and CG11) were comprised of the same two isolates as in corresponding WGM clusters C2 and C11, respectively (Table 2 and Fig. 1A) . For other CGs, the whole-genome mapping was able to further subgroup the isolates and identify unrelated ones or singletons. For example, three isolates of PFGE-based CG1 were separated in to C1 (n ϭ 2) and a singleton that lacked the SCCmec (GLMC1). Similarly, two isolates of PFGE-based CG3 were identified as singletons (MW2 with type IV SCCmec and GLMC10 lacking SCCmec) by WGM clustering. Eleven isolates in CG5 could be separated into C5 (type IV SCCmec; PVL positive and SCCmec negative) and C12 (type II SCCmec and PVL negative). Five isolates (Table 2 ) were identified as singletons by both methods. Eight isolates that were part of a CG as determined by PFGE were identified as singletons by the WGM cluster. One isolate (USA800) that was branched out as a singleton by PFGE was clustered together with another isolate (GLMC13), both of which were type IV SCCmec and PVL negative. The WGM distance can further discriminate PFGE-based clonal strains. Table 2 compares the clonality provided by PFGE and whole-genome mapping. In the 47 strains genotyped, the WGM distance method identified 13 singletons compared to six identified by the PFGE. In addition to identifying the five of the six PFGE-based singletons, the map distance method identified eight additional singletons that were part of CGs as determined by PFGE. Figure 3 shows two examples of a scenario where wholegenome mapping can identify and locate genomic changes that are difficult to detect by PFGE. Figure 3A compares the SmaI-digested USA300FPR3757 (topmost barcode) to two clonally related USA300 strains, FPR3757 and GLMC17, digested with XbaI (lower two barcodes). Comparative WGMs of the three strains identified 6-and 12-kb insertions and a 13-kb deletion in GLMC17 relative to FPR3757. The location of these events on the genome could not be distinguished by PFGE (Fig. 2) . Similarly, Fig. 3B shows the comparison of XbaI-digested WGMs of three strains: GLMC36, GLMC34, and GLMC3. A "ϩ" sign next to an WGM indicates the presence of an XbaI restriction site at that location that is not present in the other two strains. GLMC34 has an insertion of 3.3 kb, whereas GLMC36 has an insertion and deletion of 4.4 and 4.8 kb, respectively (Fig. 3B) .
Strain characterization through the WGM region of SCCmec, ACME, and PVL-carrying prophage. Using the respective reference genome sequences available at GenBank, we identified the relative genomic positions and XbaI restriction site patterns of SCCmec types, ACME, and PVL-harboring phage region from the following reference genomes: COL for SCCmec type I, MRSA252 for SCCmec II, and USA300FPR3757 for (i) SCCmec type IV, (ii) SCCmec type IV plus ACME, and (iii) the PVL-carrying phage region (Fig. 4) (6) . The SCCmec and ACME regions are referred to as motif I, and the PVL-carrying phage region is referred to as motif II (Fig. 5) . SCCmec types are shown in order of type I (purple), type II (yellow), type IV (blue), and type IV (blue) plus ACME (red). The corresponding regions in strains lacking SCCmec are shown in gray colors. It is clear from Fig. 4A and 5 that the three different SCCmec types shown here have different XbaI restriction patterns in these motifs.
Using COL as a reference for SCCmec type I, three strains (MCRF161, MCRF162, and MCRF167) were found to be positive for SCCmec type I (Fig. 5A) . Using MRSA252 as a reference strain, 10 strains (USA100, USA200, USA600, GLMC18, GLMC21, GLMC31, MCRF4, MCRF8, MCRF181, MCRF182, MCRF323, and N315) were found to harbor SCCmec type II. Using the restriction profile of USA300FPR3757 as a reference, 13 strains XbaI-digested WGMs of GLMC3, GLMC34, and GLMC36. The "ϩ" sign above the optical map refers to the presence of a XbaI restriction site at that location on the genome.
(USA800, MW2, GLMC29, GLMC28, GLMC32, GLMC23, GLMC17, GLMC20, GLMC43, USA500, GLMC13, MCRF330, and USA700) were identified that carried SCCmec type IV. Eight of these strains were also found to carry ACME (GLMC17, GLMC20, GLMC23, GLMC28, GLMC29, GLMC32, GLMC43, and USA300) adjacent to the SCCmec, as shown in red in Fig. 5A . In addition, WGMs of SCCmec type IV showed three different motifs representing type IVa (MW2, USA300, USA700, and GLMC29), type IVc (USA800), and type IVd (USA500) (Fig. 5A) . In the present study, there were no representatives of SCCmec type III, IVb, V, and newly identified SCCmecs . The strains that lacked  the SCCmec motif were GLMC1, GLMC2, GLMC3, GLMC4,  GLMC5, GLMC7, GLMC8, GLMC9, GLMC10, GLMC34,  GLMC36, GLMC39, GLMC367, ATCC 25923, MCRF A3878 SCV, RP1, and RP2. The SCCmec types identified by whole-genome mapping in respective strains were also confirmed by SCCmec multiplex PCR (data not shown). These strains were also found to be MSSA by Vitek analysis.
The light-colored enlarged motif region 2 (Fig. 5B) shows the relative location and WGM similarity at the PhiSa2 prophage insertion site in the S. aureus genome that frequently harbors lukSF-PV genes for pore-forming toxin, in addition to several other open reading frames. The motif highlighted by the green bar indicates the presence of lukSF-PV carrying prophage insertion. Again using the WGM of this region, we first identified 10 strains that were likely to harbor lukSF-PV carrying PhiSa2. Indeed, these 10 strains were confirmed to be harboring the PVL genes by PCR ( Table 2 ). In addition to PVL-carrying PhiSa2, we observed insertions of putative genetic elements of the approximate size of PhiSa2 at approximately the same location on the genome (e.g., strains GLMC3, GLMC34, etc.) but not likely to contain lukSF-PV since their restriction patterns in motif 2 were different (Fig. 5) . Indeed, these strains turned out to be PCR negative for lukSF-PV. However, an exception was observed with an MSSA reference strain, ATCC 25923, isolated in 1945, which was found to be positive for lukSF-PV by PCR. The WGM of this strain showed a unique motif in this region, suggesting the insertion of closely related prophage. Identification of PVL-positive strains with uncommon prophage WGM motif as seen with the ATCC strain adds depth to the WGM database. S. aureus is known to carry virulence genes from species-specific temperate phages. Three staphylococcal temperate phages have been identified: PhiPVL, a defective phage; PhiSa2mw, a MW2 lysogenized phage; and PhiSLT, a functional phage (9, 17) . More than one prophage is known to carry PVL genes (23) .
DISCUSSION
MRSA continues to cause epidemics at the global level and requires discrimination from MSSA for effective management and treatment of the patient. MRSA strains are also frequently characterized in a clinical microbiology laboratory to determine whether they carry PVL or other superantigenic genes to determine the source of virulence potential. Microbial genotyping tools such as PFGE and multilocus sequence typing (MLST) are standard approaches used to genotype bacterial pathogens in order to assess their genetic relatedness and are commonly used during a disease outbreak investigation or in determining their evolutionary relationships. Although these genotypic approaches have advanced epidemiological and evolutionary studies of pathogens, they do have some limitations. For example, in PFGE, a comparison of any two isolates is based upon only 15 to 20 top high-molecularweight DNA fragments after restriction enzyme digestion of the whole genome. Furthermore, the resolution of DNA fragments in an agarose gel is based on their molecular mass and not on their ordered location on the genome. In MLST, the genetic relatedness of different isolates is based upon single nucleotide polymorphisms in only seven conserved housekeeping genes. Both of these methods lack the resolving power to locate insertions, deletions, duplications, or other genomic events known to be important drivers in acquisition or loss of pathogenicity and virulence. This limitation is especially significant in the S. aureus genome, which is known to have multiple insertions of pathogenicity islands, genomic islands, and prophages through horizontal gene transfer events. Specific virulence genes of S. aureus such as mecA, several enterotoxin genes, and lukSF-PV are frequently screened by PCR to further discriminate methicillin-resistant and virulent strains from methicillin-sensitive and potentially less virulent strains.
Using multiple strains of MSSA and MRSA, we showed that whole-genome mapping could be used to determine (i) the relative lengths of their genomes, (ii) to identify the presence or absence of SCCmec, SCCmec types, and ACME, and (iii) to predict the presence of a prophage in that harbors genes for PVL. Indeed, this approach could be used to identify additional novel motifs that may also correlate with phenotypic consequences, much as SCCmec and PVL motifs correlate with antibiotic resistance and toxigenicity, respectively. Other available genotypic methods, such as PFGE and MLST, are not designed to provide such levels of detail of genomic changes. Comparison of the PFGE-based CG with the map distance cluster showed that WGMs are more discriminatory than PFGE, since WGMs revealed various indels that cannot be resolved by PFGE alone. WGM clustering more often takes into account the presence or absence of SCCmec and its type, unlike PFGE. It also separates closely related strains as singletons if they have any distinct genetic changes that cannot be picked up by the DNA band profile of PFGE.
The WGM-based similarity cluster, which was not designed to provide any phylogenetic relationship, is constructed from the pairwise alignments of roughly 300 to 350 ordered restriction fragments per genome. In contrast, PFGE uses 10 to 15 unordered restriction fragments to define clonality. Genetic contents of the mobile genetic elements (MGEs) such as SCCmec, prophage, and genomic islands are more variable compared to the remaining core genome of S. aureus, and its components could be used as markers for epidemiologic studies (14) . Although in this analysis PFGE and whole-genome mapping both associate certain MGEs with specific clades, the gain and loss of these elements, as well as differences in the core genome, can be observed in WGM clustering with a higher discriminatory power. Whole-genome mapping has been shown to be a powerful tool for studying bacterial genomics. Schwan et al. (22) showed that WGMs were able to distinguish uropathogenic Escherichia coli from other E. coli strains. Wu et al. (28) showed that whole-genome mapping of Mycobacterium avium subsp. paratuberculosis ATCC 19698 identified the mis-assembly of the genome of M. avium subsp. paratuberculosis strain K-10, including identification of two new genes. In fact, it has been shown that Whole Genome Mapping could be routinely used as an aid to bacterial genome sequence assembly (11) and closure of sequence gaps (31) . Using comparative whole-genome mapping, we (24) have also shown the presence of a large genetic inversion event in a methicillin-resistant S. aureus (MRSA). Using Salmonella enterica serovar Typhimurium isolates from an outbreak, Saunders et al. (21) have shown that their WGMs distinguished variation in genome maps associated with microbial resistance and its prophage content.
Although whole-genome mapping can identify the presence of a novel phage inserted in an S. aureus genome, it cannot determine whether that phage carries the PVL genes, since whole-genome mapping relies on the annotation of previously sequenced phages with PVL. In such a scenario, the WGM would provide evidence for the potential to carry PVL, but a PVL PCR would be necessary to confirm its presence. The map distance was developed as a heuristic, so it does not provide any phylogenetic signal. Also, no standard cutoff point has been established to define a cluster based on map distance. We chose a 5% map distance because it encompassed clonally related USA300 isolates based upon their PFGE profiles. In the WGM cluster, however, these USA300 isolates showed genomic differences, unlike the corresponding PFGE profiles that were indistinguishable ( Fig. 2 and 3 ). Whole-genome mapping was able to do this because it can identify smaller indels that cannot be easily picked up by the PFGE (Fig. 3) . In addition, one of the strengths of the whole-genome mapping is that it can help identify the approximate location of indels on the genome that can be confirmed and characterized by site-specific PCRs (24) . The location of the primer binding sites can be determined from a clonally related sequenced genome. In summary, whole-genome mapping is a multipurpose molecular tool that can be used (but not limited) to distinguish between virulent and nonvirulent pathogenic strains and identify virulence potential by identifying virulence motifs, indels, and susceptibility to methicillin. In addition, this method can be used as a genotypic tool that will provide higher resolution than PFGE or MLST and could be exploited in routine and sensitive epidemiological investigations.
